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Background: CRFR1 regulates the physiological response to stress and is implicated in the manifestation of depression.
Results: SAP97 interacts and co-localizes with CRFR1, suppresses CRFR1 endocytosis, and is required for CRFR1-mediated

ERK1/2 phosphorylation.

Conclusion: SAP97 functionally regulates CRFR1 trafficking and signaling.
Significance: This is the first documentation of functional regulation of CRFR1 by a specific PDZ protein.

The corticotropin-releasing factor (CRF) receptor 1 (CRFR1)
is a target for the treatment of psychiatric diseases such as
depression, schizophrenia, anxiety disorder, and bipolar disor-
der. The carboxyl-terminal tail of the CRFR1 terminates in a
PDZ-binding motif that provides a potential site for the interac-
tion of PSD-95/Discs Large/Zona Occludens 1 (PDZ) domain-
containing proteins. In this study, we found that CRFR1 inter-
acts with synapse-associated protein 97 (SAP97; also known as
DLG1) by co-immunoprecipitation in human embryonic 293
(HEK 293) cells and cortical brain lysates and that this interac-
tion is dependent upon an intact PDZ-binding motif at the end
of the CRFR1 carboxyl-terminal tail. Similarly, we demon-
strated that SAP97 is recruited to the plasma membrane in HEK
293 cells expressing CRFR1 and that mutation of the CRFR1
PDZ-binding motif results in the redistribution of SAP97 into
the cytoplasm. Overexpression of SAP97 antagonized agonist-
stimulated CRFR1 internalization, whereas single hairpin
(shRNA) knockdown of endogenous SAP97 in HEK 293 cells
resulted in increased agonist-stimulated CRFR1 endocytosis.
CRFR1 was internalized as a complex with SAP97 resulting in
the redistribution of SAP97 to endocytic vesicles. Overexpres-
sion or shRNA knockdown of SAP97 did not significantly affect
CRFR1-mediated cAMP formation, but SAP97 knockdown did
significantly attenuate CRFR1-stimulated ERK1/2 phosphor-
ylation in a PDZ interaction-independent manner. Taken
together, our studies show that SAP97 interactions with CRFR1
attenuate CRFR1 endocytosis and that SAP97 is involved in cou-
pling G protein-coupled receptors to the activation of the
ERK1/2 signaling pathway.
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Corticotropin-releasing factor (CRF)? is a neuropeptide that
regulates the physiological response of the body to stress
and initiates the hypothalamic-pituitary-adrenal axis stress
response (1, 2). CRF mediates these responses by activating two
distinct G protein-coupled receptors (GPCRs), CRF receptor 1
(CRFR1) and CRF receptor 2 (CRFR2) (3, 4). In comparison
with CRFR2, CRFR1 exhibits a significantly higher affinity for
CRF and shows far greater expression within the brain and in
the pituitary (5, 6). The dysregulation of the hypothalamic-pi-
tuitary-adrenal axis is thought to be involved in the onset of
psychiatric diseases, such as depression, and specific CRFR1
antagonists have recently been shown to demonstrate anx-
iolytic- and antidepressant-like effects (7, 8). GPCRs, like
CRFR1, and their associated GPCR-interacting proteins (GIPs)
have vast potential as pharmacological targets in the treatment
of disease. Over 40% of modern pharmaceuticals target G pro-
tein-coupled receptors because of their widespread contribu-
tions to physiology (9). For these reasons, CRFR1 represents an
excellent candidate as a pharmacological target for the treat-
ment of mood disorders, such as depression, and thus a better
understanding of the trafficking and signaling properties of
CRFR1 may lead to the discovery of new pharmacological tar-
gets for mood regulation.

The physiological effects of GPCRs, like the CRFR1, are
determined by the activation of receptor-mediated intracellular
signaling pathways, and the intracellular trafficking of the
receptor is responsible for determining the availability of recep-
tor for agonist activation (10-12). CRFR1 has recently been
shown to couple to, and activate, multiple different G proteins,
including Gey,, G, Gagq1, Gar,, and Gey, (13, 14). However,
CRFRI1 is thought to preferentially couple to Ga, leading to
adenylyl cyclase activation and cAMP production, which func-

2 The abbreviations used are: CRF, corticotropin-releasing factor; CRFR1, CRF
receptor 1; CRFR2, CRF receptor 2; 3,AR, B;-adrenergic receptor; GIP,
GPCR-interacting protein; GPCR, G protein-coupled receptor; PTH1R, para-
thyroid hormone 1 receptor; PDZ, PSD-95/Discs Large/Zona occludens;
5-HT, AR, 5-HT,, receptor; 5-HT,R, 5-HT, receptor; HBSS, HEPES-buffered
saline solution; AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride.
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tions to stimulate protein kinase A (4, 15-19). In addition, ago-
nist stimulation of the CRFR1 results in the desensitization of
CREFR1 signaling, as a consequence of both second messenger-
dependent protein kinase and G protein-coupled receptor
kinase phosphorylation (20, 21). In particular, GRK6 promotes
B-arrestin recruitment to CRFR1 to facilitate CRFR1 endocy-
tosis (20). However, unlike what is observed for many GPCRs,
CRFRI1 stimulates the redistribution of B-arrestin2 to intracel-
lular vesicles, but it does not co-localize with B-arrestin2 in the
intracellular compartment (20).

Previous work from our laboratory has demonstrated a func-
tional significance for the CRFR1 carboxyl-terminal class I ((S/
T)X¢$-COOH, where ¢ represents any aliphatic amino acid res-
idue) PSD-95/Discs Large/Zona Occludens-1 (PDZ)-binding
motif in the heterologous sensitization of serotonin 2A recep-
tor (5HT,,R) signaling, suggesting a novel role for PDZ
domain-containing proteins in the regulation of CRFR1 func-
tion (22). Specifically, CRFR1 pre-activation selectively leads to
increased 5-HT, R signaling in response to subsequent 5-HT
treatment, which is dependent upon both intact CRFR1 and
5-HT,,R carboxyl-terminal tail PDZ domain binding motifs.
This CRFR1-dependent sensitization of 5-HT,,R signaling is
also correlated with increased anxiety responses in mice (22).
However, the identity of the specific PDZ protein(s) involved
remains unknown.

We have investigated the capacity of the CRFR1 carboxyl-
terminal tail to bind to a proteomic array of 96 class I PDZ
domains (23, 24). We found that the CRFR1 carboxyl-terminal
tail binds to a selective subset of class I PDZ domains on the
array. In this study, we investigated the role of one of the posi-
tive CRFR1-interacting PDZ proteins identified in the screen
that has been linked to the regulation of GPCR trafficking and
signaling, synapse-associated protein 97 (SAP97; also known as
DLGI). SAP97 has previously been identified as a GIP that
binds to the 5-HT, R, 5-HT,cR, B;-adrenergic receptor
(B;AR), and somatostatin receptor subtype 1 and is reported to
regulate ;AR recycling, as well as to couple somatostatin
receptor subtype 1 activation to neurite outgrowth in develop-
ment (25-27). We found that CRFR1 expression results in the
PDZ-binding motif-dependent redistribution of SAP97 from
the cytoplasm to the plasma membrane and that SAP97 func-
tions to negatively regulate CRFR1 endocytosis and is required
for CRFR1-mediated activation of extracellular signal-regu-
lated kinase (ERK1/2) phosphorylation, without affecting
CRFR1-stimulated cAMP formation.

EXPERIMENTAL PROCEDURES

Materials—Goat anti-glutathione S-transferase (GST) anti-
bodies as well as ECL Western blotting detection reagents were
purchased from GE Healthcare. Rabbit anti-phospho-p44/42
MAPK (Thr-202/Tyr-402) and rabbit anti-p44/42 MAPK anti-
bodies were obtained from Cell Signaling Technology (Picker-
ing, Ontario, Canada). Rabbit anti-GFP antibody was obtained
from Invitrogen. Mouse anti-SAP97 antibody was obtained
from Assay Designs/Enzo Life Sciences (Farmingdale, NY).
Alexa Fluor 647 anti-mouse IgG and Alexa Fluor 633 goat anti-
mouse IgG Zenon antibodies were purchased from Invitrogen.
cAMP GLO assay was obtained from Promega (Madison, WI).
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Mouse anti-HA antibody and all other biochemical reagents
were purchased from Sigma.

Plasmid Constructs—HA-tagged rat SAP97 isoform 2 (HA-
CRFR1 and HA-CRFRI1ATAV) constructs were described pre-
viously (20, 22). The YFP-SAP97 and SAP97 single hairpin RNA
(shRNA) constructs were graciously provided by Dr. Suleiman
W. Bahouth (Neuroscience Institute, University of Tennessee
Health Sciences Center) (27). The YFP-SAP97 was subcloned
into the pEGFP1 vector. For the human siRNA studies (HEK
293 cells), we used Silencer Validated siRNA (SAP97/DLG1)
identification no. 146328 human NM_004087 GGAGAUCGU-
AUUAUAUCGGTT from Invitrogen. For the mouse siRNA
studies (AtT20), we used Silencer Select siRNA (SAP97/DLG1)
identification no. $232370 mouse NM_007862 AUGA-
CAAGCGUAAAAAGAATT from Invitrogen. For the negative
controls, we used Silencer Negative control 1 AM4635 AGUA-
CUGCUUACGAUACGGTT from Invitrogen. The exchange
proteins directly activated by cAMP biosensor was the gift of
Drs. Ali Salahpour (University of Toronto) and Marc Caron
(Duke University) (28). The CRFR1 carboxyl-terminal tail was
cloned into pGEX-4 with ECOR1/Notl.

Cell Culture and Transfection—Human embryonic kidney
(HEK 293) cells were maintained in Eagle’s minimal essential
medium supplemented with 10% fetal bovine serum. Cells were
seeded on 10-cm dishes at 70— 80% density 24 h prior to trans-
fection. Transfection was performed using a modified calcium
phosphate method, as described previously (29). Transfections
were performed with 1 ug of each construct, with exception
that 3 ug of plasmid cDNA was used for all ShRNA constructs.
Empty pcDNA3.1 vector was used to equalize the total amount
of plasmid cDNA used to transfect cells. 18 h post-transfection,
cells were washed with phosphate-buffered saline (PBS) and
resuspended with trypsin, 0.25% EDTA.

For AtT20 cells, 3-ml aliquots of suspended AtT20 cells were
transferred to T25 Nunc flasks; 30 ul of Lipofectamine was
incubated with 250 ul of Opti-MEM for 5 min at room temper-
ature and then added to 250 ul of Opti-MEM and 80 pmol of
either control or SAP97 siRNA. After 6 h, cells were centrifuged
at 800 X g, and transfection reagents were aspirated and
replaced with 3 ml of media. Cells were then reseeded for exper-
imentation. 72 h post-transfection, cells were spun down, and
media were aspirated and replaced with 3 ml of HBSS for 1 h at
37 °C. Control and SAP97 siRNA samples were aliquoted into
1-ml samples and stimulated with 500 nm CRF for 0, 5, or 10
min. Cells were put on ice and spun down at 800 X g at 4 °C;
HEPES-buffered saline solution (HBSS) was aspirated, and cells
were lysed with 200 ul of lysis buffer (50 mm Tris, pH 8.0, 150
mM NaCl, and 0.1% Triton X-100) containing protease inhibi-
tors (1 mm AEBSF, 10 ug/ml leupeptin, and 5 ug/ml aprotinin).
All experiments were conducted ~48 h after the initial trans-
fection, with the exception of transfections involving SAP97
shRNA/siRNA, which were conducted 72 h after initial trans-
fection to optimize the knockdown of endogenous SAP97, as
confirmed by Western blotting.

PDZ Blot Overlay Assay—GST and GST-CRFR1 fusion pro-
teins were generated by growing recombinant BL21 bacteria at
21 °Cto an A4y, of 0.6 —1.0. Cultures were induced for 3 h with
1 mMm IPTG, pelleted, resuspended in PBS containing protease
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inhibitors (1 mm AEBSF, 10 pug/ml leupeptin, and 5 ug/ml apro-
tinin), and lysed by mild sonication. The bacterial lysates were
cleared of cellular debris by centrifugation and then applied to
glutathione-Sepharose 4B overnight at 4°C. GST and GST-
CREFR1 fusion proteins bound to the matrix were washed exten-
sively in PBS-containing 0.3% Triton X-100. 100 nm GST and
GST-CRFR1 in blot buffer (2% nonfat dry milk, 0.1% Tween 20,
50 mMm NaCl, 10 mm HEPES, pH 7.4) were incubated with grid-
ded nylon membranes that were spotted with His/S-tagged
PDZ domain fusion proteins (1 ug/bin) for 1 h at room temper-
ature (23, 24). The arrays were then washed three times with
blot buffer and incubated with a horseradish peroxidase-conju-
gated anti-GST antibody (1:3000). Interactions of the GST
fusion proteins with the various PDZ domains were then visu-
alized via chemiluminescence using the enhanced chemilumi-
nescence kit from GE Healthcare.

Co-immunoprecipitation—Transfected HEK 293 cells were
seeded onto 10-cm dishes the day before the experiment. Cells
were serum-starved for 1 h in HBSS, and dishes were treated
with either HBSS alone or with 100 nm CRF agonist in HBSS for
30 min at 37 °C. Cells were subsequently lysed in lysis buffer for
20 min on a rocking platform at 4 °C. Samples were collected
into 1.5-ml Eppendorf tubes and centrifuged at 15,000 X g for
15 min at 4 °C to pellet insoluble material. A Bronsted-Lowry
protein assay was performed, and 400 ug of protein was incu-
bated for 1-2 h at 4 °C with protein G-Sepharose and mouse
anti-HA antibody (1:50). After incubation, beads were washed
three times with cold lysis buffer and incubated overnight at
room temperature in 3X SDS Loading Buffer containing
2-mercaptoethanol. Samples were separated by SDS-PAGE,
transferred to a nitrocellulose membrane, and immunoblotted
to identify co-immunoprecipitated GFP-SAP97 (rabbit anti-
GFP, 1:1000). An additional Western blot was performed
to examine HA-CRFR1, HA-CRFR1ATAYV (mouse anti-HA,
1:1000), and GFP-SAP97 (rabbit anti-GFP, 1:1000) protein
expression.

For the co-immunoprecipitation of endogenous proteins
from cortical extracts, adult mouse brains were employed. Tis-
sue was dissected and homogenized on ice in lysis buffer
containing protease inhibitors. The particulate fraction was
removed by centrifugation, and 2 mg of supernatant protein
was incubated with 5 ul/sample of either goat polyclonal anti-
CRFR1 (CREF-RI (V14) sc-12381) or CRFR2 (CRF-RII (C-15)
sc-20550) antibody from Santa Cruz Biotechnology (Santa
Cruz, CA) and protein G-Sepharose beads by 2 h of rotation at
4 °C. Afterward, the beads were washed two times with lysis
buffer and one time with PBS, and proteins were eluted in SDS-
PAGE loading buffer by warming the samples at 55 °C for 5 min.
Eluted samples were subjected to SDS-PAGE, followed by elec-
troblotting onto nitrocellulose membranes for immunoblot-
ting with antibodies described in the figure legends.

Live HEK 293 Cell Immunofluorescent Confocal Microscopy—
Following transfection, HEK 293 cells were re-seeded onto
35-mm glass bottom confocal dishes. Cells were serum-starved
for 1 h at 37 °C in HBSS and then labeled with mouse anti-HA
antibody (1:200) and Zenon Alexa Fluor 647 mouse IgG1 label-
ing kit (Invitrogen) at 4 °C for 30 min. The cells were washed
with HBSS and warmed to 37 °C for live imaging using a heated
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stage. Confocal microscopy was performed on a Zeiss LSM-510
META laser scanning confocal microscope using a Zeiss X63,
1.3 NA, oil immersion lens. Co-localization studies were per-
formed using dual excitation (488 and 633 nm) and emission
(band pass 505—550 nm and long pass 650 nm for YEP/GFP and
Alexa Fluor 647, respectively) filter sets. The specificity of label-
ing and absence of signal crossover were established by exami-
nation of single-labeled samples. In receptor endocytosis
experiments, the cells were additionally stimulated with 500 nm
CRF agonist (Tocris), and specified cells were re-imaged at reg-
ular intervals for up to 60 min. Co-localization analysis was
performed using Imaris 7.0 co-localization module (bit-plane)
to determine the co-localization of the brightest 2% of pixels in
each channel, as described previously (30).

Receptor Endocytosis—Following transfection, HEK 293 cells
were re-seeded into 12-well plates. Cells were serum-starved
for 1 h at 37 °C in HBSS and then stimulated for 30 min with or
without 500 nm CRF in HBSS at 37 °C or for the times indicated
in the figure legends. Cells were washed with cold HBSS and
treated with mouse anti-HA antibody (1:500) for 45 min on ice.
Cells were washed with cold HBSS and additionally treated with
Alexa Fluor 647 donkey anti-mouse IgG (Invitrogen) (1:500) for
45 min on ice. Cells were washed with cold PBS and treated with
5mm EDTA in PBS for 5 min on ice. Newly suspended HEK 293
cells were then transferred to flow cytometry tubes containing
4% formaldehyde in PBS. Samples were run on a FACSCalibur
cytometer using BD CellQuest Pro software until 10,000 cells
were counted. The geometric mean of fluorescence was deter-
mined using FlowJo analysis software, with less fluorescence
corresponding to less CRFR1 on the membrane.

cAMP Assay—The cAMP GLO assay protocol was carried
out as suggested by the manufacturer (Promega). Transfected
HEK 293 cells were seeded into a 96-well plate (~10,000 cells
per well). Cells were incubated in induction buffer (HBSS with
500 uM isobutyl-1-methylxanthine) and increasing concentra-
tions of CRF agonist for 30 min at 37 °C. Following stimulation,
cells were solubilized with cAMP-GLO Lysis Buffer for 15 min
with gentle shaking at 20-23 °C. cAMP-GLO detection solu-
tion containing protein kinase A was added for 20 min at
20-23 °C, followed by the addition of Kinase-Glo reagent for 10
min. Each solution was carefully transferred to a white opaque
96-well plate, and luminescence was measured using a Victor
plate reader (PerkinElmer Life Sciences). SAP97 knockdown
experiments were additionally performed using a biolumines-
cent resonance energy transfer-based biosensor (exchange pro-
teins directly activated by cAMP) for cAMP, and the protocol
was adapted from Barak et al. (28).

ERK Phosphorylation—Following transfection, HEK 293
cells were re-seeded into 6-well plates. Cells were serum-
starved for 1 h at 37 °C in HBSS and then stimulated with 500
nM CRF agonist for the duration of the described time points.
Cells were lysed with lysis buffer (50 mm Tris, pH 8.0, 150 mm
NaCl, and 0.1% Triton X-100) containing protease inhibitors (1
mM AEBSF, 10 ug/ml leupeptin, and 5 ug/ml aprotinin) for 20
min on a rocking platform at 4 °C. Samples were collected into
1.5-ml Eppendorf tubes and centrifuged at 15,000 X g for 15
min at 4 °C to pellet insoluble material. A Bronsted-Lowry pro-
tein assay was performed, and 50 ug of protein was incubated
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FIGURE 1. CRFR1-CT binds to a specific subset of PDZ proteins. Equal amounts of purified His-tagged fusion proteins corresponding to a subset of PDZ
domains were spotted on nylon membranes and overlaid with GST (A) versus GST-CRFR1-CT (B) to reveal specific CRFR1-CT binding to the spotted PDZ
domains. G, identity of 96 distinct PDZ domains that were spotted on the nylon membranes. Data are representative of four independent experiments.

overnight at room temperature in 3 X SDS Loading Buffer con-
taining 2-mercaptoethanol. Samples were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and immuno-
blotted for ERK1/2 (rabbit anti-p44/42 MAPK, 1:1000),
phospho-ERK1/2 (rabbit anti-phospho-p44/42 MAPK, 1:1000),
SAP97 (mouse anti-SAP97, 1:1000), and HA-CRFR1 expres-
sion (mouse anti-HA, 1:1000), followed by a horseradish perox-
idase-conjugated secondary anti-rabbit antibody (1:10,000) or
anti-mouse antibody (1:10,000) where appropriate. Proteins
were detected using chemiluminescence with the enhanced
chemiluminescence kit from GE Healthcare.

Statistical Analysis—Densitometric data were normalized
first for protein expression, and the maximum value was set to
100, with all other values displayed as the percentage thereof.
One-way analysis of variance test was performed to determine
significance, followed by a post hoc Tukey multiple comparison
test or Bonferroni’s multiple comparisons test to determine
which means were significantly different (p < 0.05) from one
another.

RESULTS

Proteomic Analysis of CRFRI-interacting PDZ Proteins—DPre-
viously, we demonstrated that the carboxyl-terminal tail class I
CRFR1 PDZ-binding motif was essential for CRFR1-mediated
sensitization of 5-HT, 4R signaling (22). Therefore, we utilized
an array of 96 class I PDZ domains spotted on a gridded nylon
membrane, as described previously (23, 24), to identify poten-
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tial CRFR1-interacting PDZ domain-containing proteins. The
PDZ array was overlaid with 100 nM of either purified glutathi-
one S-transferase GST-CRFR1 carboxyl-terminal tail or GST
(as a control). As can be observed in Fig. 1, a subset of PDZ
proteins on the array exhibited binding to the GST-CRFR1 car-
boxyl-terminal tail. Specifically, we found that the CRFR1 car-
boxyl-terminal tail selectively bound to a discrete group of PDZ
domain-containing proteins as follows: MAGI-1 PDZI;
MAGI-2 PDZ1; MAGI-3 PDZ1; PSD95 PDZ 1 and 2; PSD95
PDZ3; CAL PDZ; SAP97 PDZ 1 and 2; PTPN13 PDZ 4 and 5;
PDZK1 PDZ4, and MUPP1 PDZ12.

SAP97 Is Co-immunoprecipitated with CRFRI in a PDZ-
binding Motif-dependent Manner—SAP97 was one of the can-
didate CRFR1-binding proteins identified in the proteomic
PDZ domain screen (Fig. 1). Because our previous data revealed
that PDZ interactions were critical for cross-talk between
CRFR1 and 5HT, 4R (22), and SAP97 was previously identified
as an interacting partner of 5HT,,R function (26), we focused
on SAP97 in further experiments. First, we sought to confirm
that SAP97 interacted with CRFR1 by co-immunoprecipita-
tion. We found that GFP-SAP97 was co-immunoprecipitated
with HA-CRFR1 from HEK 293 cells but that this interaction
was not increased by agonist activation of HA-CRFR1 with 100
nm CREF (Fig. 2, A and B). The interaction was dependent upon
an intact CRFR1 carboxyl-terminal PDZ-binding motif, as the
deletion of the last three critical amino acids (ATAV) of the
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FIGURE 2. GFP-SAP97 co-immunoprecipitates with HA-CRFR1 in a PDZ-binding motif-dependent and CRF agonist-independent manner. A, represent-
ative immunoblot of SAP97 co-immunoprecipitated (/P) with HA-CRFR1 but not HA-CRFRTATAV. Transient transfections were performed in HEK 293 cells as
labeled. Samples were run using SDS-PAGE and immunoblotted (/B) with rabbit anti-GFP. GFP-SAP97 co-immunoprecipitated with HA-CRFR1 but not
HA-CRFRTATAV, which lacks the PDZ-binding motif. B, effect of CRF treatment was quantified using densitometry and had no significant effect on the amount
of GFP-SAP97 co-immunoprecipitated with HA-CRFR1. Data are representative of sixindependent experiments. C, representative immunoblot forendogenous
SAP97 co-immunoprecipitated with endogenous CRFR1 but not CRFR2 from 2 mg of mouse cortical lysate. SAP97, CRFR1, and CRFR2 expression in 100 ug of
cortical lysate are shown below. Data are representative of three independent experiments.

CRFR1 carboxyl-terminal tail prevented the co-immunopre-
cipitation of SAP97 with the subsequent HA-CRFR1-ATAV
mutant (Fig. 2, A and B). Furthermore, we found that endoge-
nous SAP97 could be co-immunoprecipitated with CRFR1
from cortical mouse brain lysates (Fig. 2C). Thus, an intact
CRFRI1 carboxyl-terminal PDZ-binding motif was required for
SAP97 interactions with the receptor.

SAP97 Recruitment to the Plasma Membrane Is Dependent
on the CRFR1 PDZ-binding Motif—When expressed alone in
HEK 293 cells, GFP-SAP97 was diffusely localized throughout
the cytoplasm and did not exhibit localization to the plasma
membrane (data not shown). However, when GFP-SAP97
(green) was co-expressed with HA-CRFR1 (red), the GFP-
SAP97 was predominantly localized with the receptor at the
plasma membrane (Fig. 34). When the CRFR1 PDZ motif was
deleted from the carboxyl terminus of the receptor (ATAV), the
resulting HA-CRFR1-ATAV mutant did not promote the
plasma membrane localization of GFP-SAP97 (Fig. 3B). We
found that 62 = 2% of SAP97 was co-localized with HA-CRFR1
at the cell surface, whereas only 8 = 3% of SAP97 was co-local-
ized with the HA-CRFR1-ATAV mutant (Fig. 3C). Thus, these
data in combination with the co-immunoprecipitation data
indicated that SAP97 interacts with CRFR1 in a cellular context
and that this interaction is dependent upon the CRFR1 PDZ-
binding motif.

SAP97 Antagonizes CRERI Endocytosis in a PDZ Motif-de-
pendent Manner—PDZ interactions have been reported to reg-
ulate the endocytosis and trafficking of a number of GPCRs (31,
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FIGURE 3. GFP-SAP97 co-localizes at the membrane with HA-CRFR1 in a
PDZ-binding motif-dependent manner. A, representative confocal micros-
copy image demonstrating the co-localization of GFP-SAP97 (green) and cell
surface HA-CRFR1 (red) labeled with Zenon Alexa Fluor 633-conjugated
mouse HA antibody in live HEK 293 cells. B, representative confocal micros-
copy image demonstrating the co-localization of GFP-SAP97 (green) and cell
surface HA-CRFR1-ATAV (red) labeled with Zenon Alexa Fluor 633-conju-
gated mouse HA antibody in live HEK 293 cells. C, quantification of CRFR and
GFP-SAP97 co-localization. Data are representative of 37 (HA-CRFR1) and 17
(HA-CRFR1-ATAV) cells. *, p < 0.05.
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FIGURE 4. SAP97 antagonizes HA-CRFR1 endocytosis. A, agonist-stimulated internalization of either HA-CRFR1 or HA-CRFR1-ATAV in cells co-transfected
with either GFP or GFP-SAP97. The internalization of HA-tagged receptors labeled with Alexa Fluor-conjugated mouse anti-NA antibody was measured in cells
treated with 500 nm CRF for 30 min and compared with vehicle-treated control cells. The data represent the mean = S.E. of nine independent experiments.
*, p < 0.05 versus control CRFR1 internalization. B, representative immunoblot of endogenous SAP97 protein expression in HEK 293 cells transfected with 3 ng
of plasmid cDNA encoding either scrambled (SCR) or SAP97 shRNA at 48 and 72 h initial transfection. /B, immunoblot. C, agonist-stimulated (500 nm CRF)
internalization of HA-CRFR1 in cells co-transfected with scrambled (SCR) and SAP shRNA at 5, 15, 30, and 60 min. The data represent the mean = S.E. of five
independent experiments. *, p < 0.05 versus SCR shRNA-treated cells. D, agonist-stimulated (500 nm CRF) internalization of HA-CRFR1-ATAV in cells co-

transfected with scrambled (SCR) and SAP97 shRNA at 30 and 60 min. The data represent the mean = S.E. of four independent experiments.

32). Therefore, we initially examined the effect of overexpress-
ing GFP-SAP97 on the endocytosis of wild-type CRFR1 and the
CRFR1 mutant lacking a PDZ-binding motif (ATAYV). In cells
expressing only wild-type CRFR1, agonist treatment for 30 min
with 500 nm CRF at 37 °C resulted in a 24 * 4% loss of cell
surface HA-CRFR1 as measured by flow cytometry (Fig. 44).
However, co-expression of GFP-SAP97 led to a significant
attenuation of HA-CRFR1 endocytosis (Fig. 4A). Unexpectedly,
deletion of the CRFR1 PDZ-binding motif resulted in an
HA-CRFR1-ATAV mutant that was impaired in its endocytosis
when compared with the internalization of the wild-type recep-
tor (Fig. 4A). GFP-SAP97 overexpression did not further antag-
onize the internalization of the HA-CRFR1-ATAV mutant (Fig.
4A). To examine the role of endogenous SAP97 in the regula-
tion of agonist-stimulated CRFR1 endocytosis in HEK 293 cells,
we transfected the cells with either scrambled shRNA or an
shRNA SAP97 construct that was previously shown to knock
down SAP97 expression and tested CRFR1 internalization (27).
As shown in Fig. 4B, the SAP97 shRNA construct effectively
knocked down the expression of endogenous SAP97 protein
expression in HEK 293 cells 72 h post-transfection. Conse-
quently, all subsequent shRNA experiments were performed
72 h after HEK 293 cell transfection. We found that shRNA
knockdown of SAP97 significantly increased the maximal
extent of HA-CRFR1 endocytosis following 30 and 60 min of
agonist treatment with 500 nm CRF (Fig. 4C). In contrast,
knockdown of endogenous SAP97 expression did not influence
the extent of HA-CRFR1-ATAV mutant internalization (Fig.
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4D). Thus, taken together these data indicated that SAP97
antagonizes agonist-stimulated internalization of CRFR1 but
that the CRFR1 PDZ-binding motif is required for effective
internalization of the receptor.

SAP97 Co-localizes with CRFR1 during Receptor Endocytosis—
The overexpression of GFP-SAP97 antagonized HA-CRFR1
endocytosis but did not completely block the internalization of
the receptor. Therefore, we examined whether internalized HA-
CREFRI1 was either internalized as a complex with GFP-SAP97 or
whether a population of HA-CRFR1 was internalized independ-
ently of GFP-SAP97. To do this, HEK 293 cells were transfected
with both HA-CRFR1 and GFP-SAP97, and the HA-CRFR1 was
labeled with Alexa Fluor 647-conjugated monoclonal HA mouse
antibody (1:200 dilution) for 45 min on ice. Live labeled cells were
then imaged by laser scanning confocal microscopy. Each cell was
allowed to warm to 37 °C, imaged prior to the addition of 500 nm
CREF, and then consecutively imaged every 5 min for 30 min. We
found that, prior to agonist treatment, Alexa Fluor 647-conjugated
mouse monoclonal HA antibody-labeled CRFR1 was co-localized
with GFP-SAP97 at the cell surface (Fig. 54). Upon CRF treat-
ment, we observed limited internalization of HA-CRFR1 at 30 min
of stimulation with agonist, but the HA-CRFR1 that was internal-
ized was co-localized with GFP-SAP97 in endocytic vesicles (Fig.
5B). This indicated that endocytosed CRFR1 redistributed GFP-
SAP97 into the endosomal compartment, despite the role for
SAP97 in antagonizing CRFR1 endocytosis.

SAP97 Does Not Regulate CRFR1-mediated cAMP Signaling—
Because SAP97 overexpression antagonized CRFR1 internal-
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FIGURE 5. GFP-SAP97 exhibits limited endocytosis with HA-CRFR1. Live
cell microscopic imaging of GFP-SAP97 (green) and HA-CRFR1 (red) labeled
with Alexa Fluor 633-conjugated mouse anti-HA antibody prior (A) to and
following (B) 500 nm activation for 30 minin a live HEK 293 cell is shown. Image
is representative of 20 cells.

ization and SAP97 down-regulation enhanced CRFR1 endocy-
tosis, we sought to determine whether SAP97 and/or the
CRFR1 PDZ-binding motif contributed to the regulation of
CRFR1-mediated cAMP formation. In cells transfected with
HA-CRFR1 with and without GFP-SAP97 and treated with
increasing doses of CRF, there was no significant change in the
maximum efficacy for CRF-stimulated cAMP formation (Fig.
6A). Similarly, deletion of the CRFR1 PDZ-binding motif had
no effect on the maximum efficacy for CRE-stimulated cAMP
formation in response to the activation of either the wild-type
CREFR1 or the CRFR1-ATAV mutant (Fig. 6B). Consistent with
what was observed following GFP-SAP97 overexpression,
SAP97 shRNA knockdown did not result in an increase in the
maximum efficacy for CRF-stimulated cAMP formation by the
CREFR1 (Fig. 6C). Thus, SAP97 did not appear to contribute to
the regulation of CRFR1-stimulated cAMP production.
CRERI-mediated ERK1/2 Phosphorylation Is Dependent on
Endogenous SAP97 Expression—Previous work has demon-
strated CRFR1 can activate the MAPK signaling pathway, as
evidenced by CRFR1-mediated ERK1/2 phosphorylation (33).
Therefore, we examined whether endogenous SAP97 expres-
sion was required for CRFR1-mediated ERK1/2 phosphoryla-
tion. HEK 293 cells were transiently transfected with and with-
out HA-CRFR1 along with either scrambled shRNA or SAP97
shRNA to knock down SAP97 expression, and ERK1/2 phos-
phorylation in response to 500 nm CRF for 0, 2, 5, 15, and 30 min
was determined by densitometric analysis of immunoblots (Fig.
7B). We found that the treatment of nontransfected HEK 293
cells with 500 nm CRF led to an increase in detectable ERK1/2
phosphorylation at 5 min, which was likely due to endogenous
CRFR2 that is expressed in these cells (Fig. 7, A and B) (20).
However, in cells transfected with HA-CRFR1 and scrambled
shRNA, 500 nm CRF treatment resulted in a more robust and
sustained activation of ERK1/2 phosphorylation (Fig. 7, A and
B). Knockdown of SAP97 protein expression led to an attenua-
tion of CRFR1-mediated ERK1/2 phosphorylation following
500 nm CRF treatment to levels that were comparable with
those observed in nontransfected cells (Fig. 7, A and B). The
overexpression of GFP-SAP97 had no significant effect on
ERK1/2 phosphorylation (data not shown). To examine
whether SAP97 regulates ERK1/2 phosphorylation in response
to the activation of endogenous CRFR1 activation, identical
experiments were performed in AtT20 cells that express
endogenous CRFR1 (34). AtT20 cells grow in suspension,
thereby complicating both transfection efficiency and the
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FIGURE 6. SAP97 does not regulate CRFR1-mediated cAMP formation. A,
CRFR1-mediated cAMP formation, as assessed by a BRET-based biosensor
assay, following co-transfection with either GFP (control) or GFP-SAP97. The
data represent the mean = S.E. of seven independent experiments. B, CRFR1-
and CRFR1-ATAV-mediated cAMP formation, as assessed by a BRET-based
biosensor assay. The data represent the mean = S.E. of four independent
experiments. C, CRFR1-mediated cAMP formation as assessed by a cAMP GLO
assay following co-transfection with either scrambled (SCR) or SAP97 shRNA.
The data represent the mean = S.E. of five independent experiments.

determinations of ERK1/2 phosphorylation in this cell type.
Nevertheless, following siRNA knockdown of endogenous
SAP97, we observed a small but significant attenuation of
ERK1/2 phosphorylation following 5 min of CRF stimulation
(Fig. 7, Cand D).

To further examine the specificity of SAP97 with the CRFR1
PDZ-binding motif, we assessed whether deleting the motif
altered CRFR1-stimulated ERK1/2 phosphorylation in the
presence and absence of SAP97 expression. Surprisingly, we
found that the deletion of the CRFR1 PDZ-binding motif did
not prevent ERK1/2 phosphorylation following agonist activa-
tion of CRFR1-ATAV mutant (Fig. 8, A and B). Moreover, we
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FIGURE 7. Knockdown of endogenous SAP97 suppresses HA-CRFR1-mediated ERK1/2 phosphorylation. A, representative immunoblot showing ERK1/2
phosphorylation in response to 500 nm CRF treatment for 0, 2, 5, 15, and 30 min in nontransfected (NT) HEK 293 cells and HEK 293 cells transfected with
HA-CRFR1 and either scrambled (SCR) or SAP97 shRNA. Shown are the corresponding immunoblots for total ERK1/2, SAP97, and HA-CRFR1 protein expression.
B, densitometric analysis of ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 2, 5, 15, and 30 min in nontransfected (NT) HEK 293 cells, and
HEK 293 cells transfected with HA-CRFR1 and either scrambled (SCR) or SAP97 shRNA. The data represent the mean = S.E. of four independent experiments.
*,p < 0.05 versus SCR shRNA-treated cells. C, representative immunoblot (/B) showing ERK1/2 phosphorylation in response 500 nm CRF treatment for 0, 5, and
10 min in AtT20 cells transfected with either scrambled (SCR) or SAP97 siRNA. Shown are the corresponding immunoblots for total ERK1/2 and SAP97 protein
expression. D, densitometric analysis of ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 5, and 10 min in AtT20 cells transfected with either

scrambled (SCR) or SAP97 siRNA. The data represent the mean =+ S.E. of four independent experiments. *, p < 0.05 versus SCR shRNA-treated cells.

found that shRNA knockdown of SAP97 reduced CRFRI-
ATAV mutant ERK1/2 phosphorylation to the same extent as
was observed for the wild-type CRFR1 (Fig. 8, A and B). To
determine whether this effect of SAP97 was specific to CRFR1-
mediated ERK1/2 activation, we assessed whether SAP97
knockdown attenuated ERK1/2 phosphorylation following the
stimulation of CRFR2, a GPCR that does not encode a PDZ-
binding motif. Again, we found that SAP97 knockdown
resulted in a significant reduction of CRFR2-mediated ERK1/2
phosphorylation (Fig. 8, C and D). Taken together, these data
suggested that SAP97 is required for the activation of ERK1/2
signaling by the CRFR1, without modulating cAMP produc-
tion, but does so via a mechanism that is independent of inter-
actions with a PDZ-binding motif.

DISCUSSION

In a previous study, we found that PDZ protein interactions
with CRFR1 play an important role in regulating CRFR1-de-
pendent sensitization of 5-HT, 4R signaling (22), prompting us
to search for candidate PDZ proteins that interact with CRFR1.
We found that a subset of class I PDZ proteins, including
SAPY7, interact with the CRFR1 C-tail on a proteomic PDZ
domain array. We further demonstrated that SAP97 interacts
with the carboxyl-terminal CRFR1 PDZ-binding motif result-
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ing in recruitment of SAP97 to the cell surface as well as antag-
onism of CRFR1 endocytosis and promotion of CRFR1-stimu-
lated ERK1/2 signaling but not cAMP production. CRFR1
represents the fifth GPCR to which SAP97 has been demon-
strated to interact (25-27). SAP97 was previously shown to
regulate the recycling of the 8;AR and neurite outgrowth in
response to somatostatin receptor activation (25, 27). In con-
trast to the positive effects of SAP97 on CRFR1-stimulated sig-
naling to ERK1/2 observed in this study, the interaction of the
PDZ domain-containing protein MAGI-3 with the 3;AR was
shown to antagonize (3;AR-dependent activation of ERK1/2
(24). Our studies indicate that SAP97 may be required for the
activation of ERK1/2 phosphorylation by many GPCRs inde-
pendent of PDZ domain interactions as a loss of SAP97 expres-
sion resulted in significantly reduced ERK1/2 phosphorylation
following the activation of CRFR1-ATAV mutant and CRFR2
that does not encode a PDZ-binding motif.

Previous to our current studies with CRFR1, SAP97 had been
demonstrated to bind to the 3; AR to regulate the recycling of
the receptor (22, 27). Interestingly, both receptors share a sim-
ilar class I carboxyl-terminal PDZ motif, defined by (S/T)X®,
where @ represents any hydrophobic residue (35, 36). Gardner
et al. (27) provided evidence that SAP97 may link the 3;AR to
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FIGURE 8. Knockdown of endogenous SAP97 suppresses HA-CRFR1-ATAV- and HA-CRFR2-mediated ERK1/2 phosphorylation. A, representative immu-
noblot (/B) showing ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 2, and 5 min in HEK 293 cells transfected with HA-CRFR1-ATAV and
either scrambled (SCR) or SAP97 shRNA. Shown are the corresponding immunoblots for total ERK1/2, SAP97, and HA-CRFR1-ATAV protein expression.
B, densitometric analysis of ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 2, and 5 min in HEK 293 cells transfected with HA-CRFR1-ATAV
and either scrambled (SCR) or SAP97 shRNA. The data represent the mean = S.E. of four independent experiments. *, p < 0.05 versus SCR shRNA-treated cells.
G, representative immunoblot showing ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 2, 5, 15, and 30 min in nontransfected (NT) HEK 293
cells and HEK 293 cells transfected with HA-CRFR2 and either scrambled (SCR) or SAP97 shRNA. Shown are the corresponding immunoblots for total ERK1/2,
SAP97, and HA-CRFR2 protein expression. D, densitometric analysis of ERK1/2 phosphorylation in response to 500 nm CRF treatment for 0, 2, 5, 15, and 30 min
in nontransfected (NT) HEK 293 cells and HEK 293 cells transfected with HA-CRFR2 and either scrambled (SCR) or SAP97 shRNA. The data represent the mean *
S.E. of three independent experiments. *, p < 0.05 versus SCR shRNA-treated cells.

the A-kinase anchoring protein 79/150 (AKAP79/150). This
interaction was hypothesized to facilitate protein kinase A-me-
diated phosphorylation of Ser-312 of the 3;AR third intracel-
lular loop, thereby promoting receptor recycling and resensiti-
zation (27, 37). In support of this hypothesis, knockdown of
endogenous SAP97 suppresses ;AR phosphorylation and
recycling. Based on these previous data with the B, AR (27), it
might seem tempting to speculate that SAP97 may play a gen-
eralized role in regulating the activity of GPCRs that encode
class I PDZ-binding motifs. However, PDZ protein interactions
with a variety of GPCRs have demonstrated PDZ protein-spe-
cific functions with respect to the regulation of GPCR activity.
There are several examples to support this assertion. First,
PSD-95 was reported to suppress 5SHT, ,R receptor internaliza-
tion (38), but yet it promotes the internalization of the 5HT, R
(39). Second, MAGI-2 overexpression was found to have no
effect on B;AR-mediated cAMP signaling and to promote ago-
nist-induced B;AR internalization (40), but it was found to
reduce vasoactive intestinal polypeptide type-1 receptor-medi-
ated cAMP signaling and suppress agonist-induced receptor
internalization (41). Finally, although MUPP1 enhances
GABAj; receptor signaling, it functions to uncouple the mela-
tonin-1 receptor from Ge; (42, 43). Similarly, this study dem-
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onstrates that SAP97 regulates CRFR1 trafficking, because
overexpression of GFP-SAP97 prevents CRFR1 endocytosis
and knockdown of endogenous SAP97 promotes CRFR1 endo-
cytosis. However, because of the antagonism of CRFR1 endo-
cytosis in the presence of SAP97, it is unlikely that SAP97 sub-
serves the same recycling function for CRFR1 as it does for the
B;AR. For this reason, discussions of PDZ protein functions in
the regulation of GPCR activity should likely be prefaced by the
GPCR with which a given PDZ protein is interacting.

Previous research has identified a number of proteins that
appear to form complexes with CRFR1 at various stages of
receptor activation and trafficking. It has been demonstrated
that CRFR1 activation leads to B-arrestinl and [B-arrestin2
recruitment to the membrane where they co-localize and
directly interact with CRFR1 (20, 44, 45). Additionally, CRFR1
has been shown to internalize to both Rab5-positive early endo-
somes and Rab4-positive recycling endosomes (20). Previous
work on the parathyroid hormone 1 receptor (PTHIR) and
another PDZ domain-containing protein, NHERF1, demon-
strated that the B-arrestin2 interaction with the PTHI1R was
prevented by the receptor’s interaction with NHERF1 (46).
Additionally, NHERF1 inhibited the uncoupling of PTHIR
from Gag (46). It is plausible that SAP97 and/or one of the other
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CRFR1-interacting PDZ scaffolds identified in our screens
could similarly dictate which proteins are associating with
CREFR1 during different states of receptor activation and traf-
ficking, thereby regulating the trafficking and signaling of
CRERI1. Future studies will look to examine what role SAP97
and other CRFR1-interacting PDZ scaffolds might play in pre-
venting CRFR1 recruitment of B-arrestinl/2. However, quanti-
tative studies of potential SAP97-mediated antagonism of 3-ar-
restin translocation to CRFR1 are technically challenging due
to the fact that any carboxyl-terminal fusion of bioluminescent
reporter proteins will disrupt PDZ protein interactions with the
receptor.

Neither the overexpression of GFP-SAP97 nor the shRNA
knockdown of endogenous SAP97 in our studies had a signifi-
cant effect on the EC,, or maximal CRFR1-mediated cAMP
accumulation. Additionally, deletion of the CRFR1 PDZ-bind-
ing motif had no significant effect on CRFR1-mediated cAMP
accumulation. These results are consistent with previous
research on the 3;AR, where mutation of the PDZ-binding
motif had no effect on B;AR-mediated cAMP accumulation
(27). Interestingly, PSD-95 has similar structural domains to
SAP97 and has similarly been shown to suppress 3;AR endo-
cytosis and have no effect on 3;AR-mediated cAMP accumu-
lation (47).

Previous work has demonstrated that CRFR1 can signal
through the MAPK pathway, as evidenced by CRFR1-mediated
ERK1/2 phosphorylation (33). Interestingly, shRNA knock-
down of endogenous SAP97 significantly reduced ERK1/2
phosphorylation to levels comparable with cells lacking the
overexpressed HA-CRFR1. Work from our laboratory has
demonstrated that HEK 293 cells express endogenous func-
tional CRFR2, as evidenced by stimulation of cAMP production
at the high CRF concentrations necessary to activate CRFR2
(20). Thus, the observed CRF-induced increases in ERK1/2
phosphorylation in nontransfected control cells in the present
studies were expected. Knockdown of SAP97 would not be
expected to alter CRFR2-mediated ERK1/2 phosphorylation, as
the receptor does not possess a PDZ-binding motif at its car-
boxyl-terminal tail. However, we found that SAP97 knockdown
significantly impaired ERK1/2 phosphorylation in cells either
overexpressing CRFR2 or a CRFR1-ATAV mutant suggesting
that SAP97 may not only play a role in scaffolding ERK1/2 pro-
tein complexes but may function to regulate GPCR-mediated
ERK1/2 signaling independently of receptor interactions. Thus,
our studies suggest a novel role for SAP97 in GPCR-mediated
signaling, but further studies will be required to understand the
precise role SAP97 plays in the regulation of ERK1/2 phospho-
rylation by GPCRs.

Although this is the first evidence of a role for SAP97 in the
GPCR-mediated activation of ERK1/2 phosphorylation, previ-
ous research has demonstrated an ability of members of the
MAPK family to phosphorylate SAP97, including ERK2 specif-
ically (48). This phosphorylation of SAP97 by MAPK family
members was shown to lead to its dissociation from the guany-
late kinase-associated protein and, consequently, the cytoskel-
eton (48). Additionally, PSD-95 has been shown to be phospho-
rylated by MAPKs, including ERK?2, in response to mitogens
(49). It is plausible that SAP97-dependent CRFR1-mediated
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ERK1/2 phosphorylation may participate in a negative feedback
loop whereby “activated” pERK1/2 could slowly phosphorylate
SAP97, leading to dissociation of a signaling complex that
would lead to attenuated receptor-mediated ERK1/2 phosphor-
ylation. The dissociation of this signaling complex could also
disrupt cytoskeletal interactions and allow for relocalization of
proteins through trafficking mechanisms. The mechanism by
which SAP97 facilitates CRFR1-mediated activation of ERK1/2
remains to be determined. However, the demonstration that
SAP97 knockdown significantly attenuates CRFR1-mediated
ERK1/2 phosphorylation indicates that other GIPs scaffolded
by GPCR protein interaction motifs, in addition to B-arrestins,
play arole in dictating the intracellular signaling pathways acti-
vated by GPCRs. Thus, it may be that in addition to ligand-de-
pendent stabilization of distinct “biased” GPCR activation
states (50-52), the association of intracellular GIPs with
GPCRs bias GPCR signal transduction. It is likely that these two
events are not mutually exclusive but function interdepen-
dently, thereby complicating the outcome of ligand-biased
screening approaches for biased GPCR ligands.

In conclusion, we have presented the first evidence for
SAP97 as a regulator of CRFR1 trafficking and signaling. Spe-
cifically, we have found that SAP97 interacts with the CRFR1
PDZ-binding motif to antagonize CRFR1 endocytosis without
affecting cAMP production, whereas the regulation of ERK1/2
phosphorylation by the receptor does not require PDZ motif
interactions. This suggests that SAP97 may function to bias
CREFR1 signaling toward the ERK1/2 pathway. This provides
the potential for GIPs other than B-arrestins to mediate biased
signaling of GPCRs. This interaction may be a pharmaceutical
target for the regulation of CRFR1 function and therefore has
implications in the potential treatment of mood disorders, such
as depression.
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